Abstract Natural fluorescence as a method to monitor biofilm processes was studied, using the example of an extractive membrane bioreactor for the degradation of 3-chloro-4 methylaniline and 1,2-dichloroethane. Non-invasive, on-line, in-situ 2D fluorometry monitoring was employed to elicit biofilm process status. The fluorescence fingerprints were deconvoluted in a pattern recognition approach using artificial neural networks (ANN) through association with key process performance parameters.
Introduction
Although biofilms have long been known and used, only about two decades ago, as their importance in aquatic, soil, clinical and industrial environments was established (Lazarova and Manem, 1995; Nivens et al., 1995) , did they become the object of systematic scientific research and industrial applications.
The perception of biofilms evolved from a "homogenous matrix" towards complex heterogeneous multispecies biocoenoses. These insights were largely conditioned by the availability of suitable analytical monitoring equipment and representative sampling techniques. At early research stages, biofilm monitoring was often carried out off-line and exsitu, for example by microscopic methods, which usually required biofilm destruction and necessitated specimen dehydration in the case of electron microscopy. This led to destortion of the natural biofilm structure and to a biased interpretation of the images, considering biofilm structure essentially homogeneous. This model was later challenged by nondestructive, in-situ techniques such as confocal laser scanning microscopy, combined with microelectrode and nuclear magnetic resonance imaging studies (Revsbech and Jorgensen, 1988; Lawrence et al., 1991; Lewandowski et al., 1994) . They showed that biofilms grow in microcolonies embedded in an exopolysaccharide matrix structure, which are interspersed with less dense regions containing highly permeable water channels (Costerton et al., 1994; Lewandowski et al., 1994) .
From these results, the importance of in-situ and non-destructive techniques that are able to monitor biofilms in their natural environments becomes apparent. Several microscopic, spectroscopic, electrochemical and piezoelectrical techniques have been developed for non-invasive, in-situ biofilm monitoring during the past decade, focusing on a wide range of biofilm characteristics (Nivens et al., 1995) . Thereby, on-line techniques are of special importance, as they allow for real-time monitoring and early detection of problems.
This work focuses on natural fluorescence monitoring as an on-line, non-invasive, insitu spectroscopic technique. The concept of employing fluorescence for bioprocess monitoring, using intracellular fluorophors as indicators of the physiological state of the bacterial culture, has long been known. However, it was mostly limited to monoculture fermentations and to planktonic biomass systems (Ju et al., 1995) , and typically focused on single fluorophor monitoring. To our knowledge, research on natural fluorescence applied to biofilm monitoring has been rather scarce. Research efforts so far have mainly concentrated on pure culture biofilms rather than mixed species, and have used single fluorophors as indicators of biofilm activity. An example is the work of Arrage et al. (1995) who employed tryptophan fluorometry to biofilm monitoring, studying V. harveyi biofilms on antifouling coatings.
In this work an extended approach to biofilm monitoring using natural fluorescence is outlined, using the example of a membrane attached mixed species biofilm. For the basics of this technique the reader is referred to Wolf et al. (2001) . This paper is an extension of the method presented therein, specifically tailored towards biofilms.
Materials and methods
Fluorometric monitoring was carried out on a mixed species biofilm growing in an extractive membrane bioreactor (Livingston et al., 1993) for detoxification of industrial effluents. The pollutants included in this study were 1,2-dichloroethane (DCE) and 3-chloro-4-methylaniline (3C4MA). They were the only carbon source for the microbial culture. The biofilm grew on the outside of a single tubular silicone membrane, which was inserted into a glass or Teflon shell (for DCE and 3C4MA, respectively). Carbon substrate was supplied across the membrane, at the base of the biofilm. Nutrients and oxygen counter-diffused into the biofilm from its surface side, supplied through a loop which was continuously pumping biological medium from an aerated vessel to the membrane module and back (Figure 1 ).
Fluorescence sampling was carried out along the membrane module. A Perkin-Elmer LS50B fluorometer with a fibre-optic assembly was used. The optical probe was attached to the outside of the module shell, pointing in the direction of the biofilm, thus allowing for in-situ, non-invasive and on-line fluorescence monitoring (Figure 1 ). In the case of DCE, monitoring was carried out directly on the glass shell of the module. In the 3C4MA system, the Teflon shell of the module was interspersed with three glass connectors of equal distance, which served as fluorescence ports. This allowed for monitoring of different parts of the biofilm along the membrane.
Results and discussion

Detection of biofilm activity
As a first step, the ability of fluorometry to detect microbial activity and biofilm formation Figure 2 depicts a typical emission spectrum, where the DCE degrading biofilm was excited at the wavelength of tryptophan (290 nm), which is an intracellular amino acid. Its fluorescence intensity can be correlated with bacterial cell concentration Tartakovsky et al., 1996a,b) . The spectrum was obtained by subtracting background fluorescence, stemming from the membrane module, from the fluorescence spectrum that was obtained after visible biofilm formation. Due to the reactor configuration chosen, the fluorescence response reflects both planktonic and sessile biomass physiology. Optical density (OD) measurements of the bulk liquid surrounding the biofilm indicated that planktonic biomass was negligible (OD at 600 nm = 0.03). This suggests that the clearly detectable tryptophan fluorescence peak stems indeed from the membrane attached biofilm. Although this is a promising result, care needs to be taken in calibrating the fluorescence method. This is because fluorometry is prone to influences by environmental factors (such as temperature, pH and aeration) and to cascade and inner filter effects (Li and Humphrey, 1992) , which may distort the spectra and result in shifts in fluorophor peak location and intensity.
Therefore, the concepts of multiple fluorophor monitoring and scanning (bi-dimensional) fluorometry (McAvoy et al., 1992; Tartakovsky et al., 1996a,b) were introduced. The latter monitors a range of excitation and emission wavelengths simultaneously, resulting in a three-dimensional fluorescence map (emission-versus-excitation wavelengths-versus-intensity), which has the advantage that changes outside those fluorophor positions typically monitored in emission fluorometry can also be assessed.
Since changes in environmental conditions are common, especially in bioreactors, where they may be an integral part of process control strategies, bi-dimensional fluorometry appears to be a more adequate technique than single fluorophor monitoring. Moreover, it is especially suited for complex bioprocesses employing bacterial consortia, where peak overlapping may occur due to different metabolic patterns. Bi-dimensional fluorescence spectra in this work were recorded between wavelengths of 280 and 510 nm (excitation) and 305 and 545 nm (emission), in simultaneous scanning mode. Figure 3 depicts a fluorescence map recorded under exactly the same operating conditions as the emission spectrum in Figure 2 . The bi-dimensional fluorescence representation shows that tryptophan is not the only fluorophor involved in biofilm physiology. Another two fluorophor locations (at excitation 310 nm and emission 345 nm, and excitation 320 nm and emission 355 nm, respectively) are distinguishable, in this case they form a sink of Figure 2 Emission spectrum at 290 nm excitation for a DCE degrading membrane attached biofilm, recorded 3 days after reactor inoculation fluorescence intensity. It is noteworthy that this information would be lost if focusing exclusively on individual fluorophores as is traditional in emission fluorometry.
Since each fluorescence map can be considered a fingerprint of the physiological state of the biofilm, differences in the fluorescence response may also be used for assessing process status upon changes in environmental conditions. Bi-dimensional fluorescence spectra were recorded under various reactor operating conditions for both the DCE and 3C4MA systems. Using spectra subtraction for qualitative assessment of the fluorescence data, distinct shifts in the fluorescence maps upon controlled changes in the reactor operating parameters could be observed. Figure 4 depicts three subtraction spectra obtained in response to an increase in 3C4MA concentration at the pollutant inlet of the membrane tube side from 900 to 2,500 ppm. This has a direct impact on the concentration driving force across the membrane, resulting in an increased transport of 3C4MA into the biofilm and into the biological compartment. As a consequence, an increase in 3C4MA degradation rate was observed.
The three traces refer to the three fluorescence scanning positions along the membrane. Although recorded under exactly the same operating conditions, they exhibit marked differences in fluorescence intensity and peak location. As the influence of planktonic biomass in the bulk liquid is assumed to be equal in all scanning positions due to the fast re-circulation of the medium between membrane module and aerated vessel, these results suggest that biofilm physiology along the membrane is not uniform. This phenomenon can be explained by the fact that a longitudinal 3C4MA concentration profile exists along the membrane in the pollutant compartment. Near the membrane inlet (scanning position (a)), 3C4MA concentration values are close to feed level maximum, whereas they can reach values below detection limit near the outlet of the membrane tube (scanning position (c)), resulting in differences in carbon source availability at the biofilm side of the membrane. Therefore, the biofilm would indeed be expected to react differently to shifts in pollutant inlet concentrations. Quantitative assessment of biofilm system performance So far it has been shown that fluorometry can be used for qualitative assessment of biofilm performance. Employing it for quantification purposes is a much more complex task. Due to the complexity of the multi-species system and the effects mentioned earlier, the fluorometric maps are bound to portray highly convoluted associations with biofilm activity and physiology. In order to quantitatively utilise the fluorometric information, an appropriate data deconvolution technique is needed. Ideally, the latter should account for the entire fluorescence spectrum as a "fingerprint" of physiological status, rather than focusing on single fluorophors. Spectra deconvolution techniques reported in the literature include stepwise multiple regression (Tartakovsky et al., 1996a,b) , partial least squares (McAvoy et al., 1992; Skibsted et al., 2001 ) and backpropagation neural networks (McAvoy et al., 1992) . Most of these approaches were either applied to suspended growth fermentations, mainly using pure cultures, or to chemical model mixtures of amino acids. These scenarios are relatively "simple" in comparison with multispecies biofilms.
In this work, the feedforward artificial neural network (ANN) approach detailed in Wolf et al. (2001) was used. Deconvolution using ANN was carried out by simultaneously associating multiple positions in the fluorescence maps with process parameters that were deemed important to characterize the performance of the biofilm system in the context of reactor operation. Using this deconvolution technique the utilization of all the fluorometric information obtained is guaranteed. The capability of ANN to infer non-linear relationships from the entire fluorescence map without mechanistic assumptions is especially advantageous for complex biological systems (Almeida, 2002) . Once representative ANN are obtained, this approach has the potential of replacing off-line biofilm monitoring by (a) (b) (c) Figure 4 Fluorescence subtraction after change in 3C4MA inlet concentration change from 900-2,500 ppm. Maps a), b) and c) refer to scanning positions near the inlet, middle, and outlet of the membrane module, respectively. The map recorded at 900 ppm operation was subtracted from that at 2,500 ppm.
on-line fluorescence monitoring, as process performance parameters determined off-line can be inferred from the fluorescence maps. It is noteworthy that the choice of the ANN-predicted variables is not limited to process parameters. It may be extended to biofilm-related quantities such as biofilm thickness and structure, as well as to physico-chemical parameters. Table 1 summarises the results obtained from ANN that were trained with data comprising 7 months of operation of the 3C4MA system. The presented coefficients express the correlation between observed values and those predicted by the ANN, based exclusively on the fluorescence maps.
The results show that artificial neural networks are accurate tools to infer biofilm system performance from convoluted multi-parametric signals such as the fluorescence maps, without the need for any mechanistic information. In order to take full advantage of the ANN potential, it is further recommended to carry out a sensitivity analysis to identify which zones in the fluorescence plane, and by association which fluorophores, are primarily associated to the prediction of a particular process performance parameter (Wolf, 2001 ).
Conclusions
In conclusion, a short list of the important characteristics of the fluorometric method applied to biofilm system monitoring is given below.
A) Biofilm related parameters monitored
Microbial activity and physiology B) Calibration with independent method Calibration via spectra deconvolution using ANN; association with off-line analyses and other key process performance and biofilm parameters C) Biofilm area covered Spotwise; scanning of various biofilm locations, and their combined inclusion in ANN is recommended, in order to obtain a comprehensive "picture" of biofilm physiology D) Interferences with method Apparent interferences from changes in environmental conditions on method are overcome by utilizing the entire fluorescence fingerprint rather than targeting individual fluorophors E) Time scale of measurement Depends on: wavelength ranges scanned, spectral parameters, and fluorometer used; under the conditions employed here, each map took about 10 min to be recorded F) Applications Any type of microbial reaction system involving natural fluorophors, possibly also extends to plant and animal cell cultures G) Practical application to date Well implemented for planktonic systems; authors are not aware of practical industrial application to biofilms so far Fluorometry was demonstrated to be a promising technique in biofilm monitoring. It can be used to detect bacterial and biofilm activity, and can be applied to qualitatively assess impacts of environmental conditions in the biofilm system. The transition to quantitative prediction of biofilm performance from natural fluorescence fingerprints can be achieved employing ANNs. The concept of using "fingerprint monitoring" instead of single and direct parameters is of great potential in complex biological processes, such as biofilms, as it allows us to use combined information, which may not be utilizable if regarded in isolation. The use of ANN as a spectra deconvolution technique may be extended to other spectroscopic monitoring methods producing similarly complex responses, such as FTIR, FTIR-ATR and NIR spectroscopy.
